A variety of food containers, drinking cups and cutlery, fabricated from polystyrene (PS) or polystyrene-related plastic, were analyzed for their styrene monomer content. Samples of yogurt, packaged in PS cups, were similarly analyzed and the leaching of styrene monomer from PS containers by some food simulants was also determined.
Introduction
Rigid polystyrene (PS) and polystyrene-related plastics which are used as food packaging materials have had a longer history of use than poly (vinyl chloride) (PVC). Some of the physical characteristics of PS, for example, its low impact strength and chemical resistance, have led to the development of other food-use plastics in which styrene is copolymerized with monomers like butadiene and acrylonitrile, to give a flexible rubbery solid. In 1973, the annual production in Canada of styrene-related polymers was over 200 million pounds (1) and this was second only to polyethylene types.
The recent concern with the migration of vinyl chloride monomer (VCM) to foodstuffs from rigid poly(vinyl chloride) containers and its subsequent prohibition by the F.D.A. (2) has drawn attention to the potential hazards of a large variety of other plastic materials which are used in the food packaging industry. In the assessment of priorities for work with other monomers which are present in plastic foodpackaging materials, the factors considered were: physical characteristics of the polymer; * Bureau Chemical Safety, Health Protection Branch, Health & Welfare Canada, Tunney's Pasture, Ottawa, Ontario, Canada. chemical structure and reactivity of the monomer; biotransformations of the monomer; existing regulations for monomer content in the polymer; volume of use of the polymer in the food industry; known toxicology of the monomer. In rigid plastics, occluded monomer may be entrapped at high concentrations even when fabrication processes involve thermal elevation and the monomer is extremely volatile like vinyl chloride. Rigid PS food packaging products are very similar to PVC in this respect. Some properties of styrene and VCM, which are given in Table 1 , show that the chemical structures of styrene and vinyl chloride are similar, in that the aryl substituent in styrene is replaced by a chlorine atom in VCM. The large difference in boiling points and solubility characteristics (3, 4) contribute to the significant differences in analytical methodology and pharmacokinetics of these monomers. Polystyrene was first introduced commercially in 1938, although it was discovered as far back as 1831. to be formed via an epoxide intermediate. Further, the in vitro epoxidation of styrene by liver microsoma lenzymes has been demonstrated (8) .
Existing regulations in the U.S. (9) permit up to 1 wt-% (10,000 ppm by weight) of the monomer in food-grade PS, except that when used in contact with fatty foods not more than 0.5 wt-% monomer is allowed. Apparently it is very difficult indeed to remove occluded styrene monomer from the finished plastic. The variety of applications of rigid food grade PS is perhaps greater than that for rigid PVC. Not only is it used in the rigid molded state as food containers (principally dairy products) but is now manufactured in a form suitable for use as reuseable cutlery and, in the foamed state, as drink containers (for hot drinks or alcoholic beverages). It has not been used as a film wrap or as containers for vegetable oils, the reason for the later exclusion being its high permeability to oxygen and the consequent spoilage of the oil.
The acute toxicity of styrene has been well studied (4) . Liquid styrene is a primary skin irritant causing erythema and blistering. It is extremely irritating to the eyes and mucous membranes and has narcotic properties. In common with other aromatic hydrocarbons, it can cause chemical pneumonitis at the site of contact with pulmonary tissue. At an atmospheric concentration of 800 ppm, human subjects experience immediate eye and throat irritation, drowsiness, depression and weakness. In animals at 5000 ppm (which is close to the saturated vapor pressure of liquid styrene at 200C), rats experienced coma and death within 1 hr. Very little pathology of any consequence, except for the changes which are usually associated with irritants, has been reported from animal or human studies. There is no published literature on the carcinogenic activity of styrene, although Van Duuren (10) has shown that styrene epoxide induces tumors when applied to animal skin. Preliminary tests in our own laboratories have demonstrated that the epoxide is mutagenic but relatively high concentrations (200 ,ug/ml) are required. Environmental Health Perspectives
Experimental and Results
The main thrust of our recent work has been to assess the extent to which styrene is present in food-grade PS material and to what extent it leached into foods or food simulants. Analytical methods, which were suggested to us, involved the dissolution of a weighed sample of the plastic in methylene chloride and reprecipitation of the polymer with methyl alcohol. This method, while useful for high concentrations of styrene monomer, had the disadvantage that the lower limit of detection was about 20 ppm. Many other suitable solvents yielded a similar sensitivity which we attributed to the liability arising from the development of the chromatographic peak for styrene on the trailing edge of the solvent peak. Since styrene monomer is a liquid with a boiling point of 145.20C and polystyrene is relatively soluble in aromatic hydrocarbons, alternative solvents were examined which would allow the gas chromatographic development of the solvent peak after elution of the styrene monomer. Butylbenzene (bp 1820C) and diethylbenzene (mixture of ortho, meta, and para isomers, boiling range 175-1810C, Eastman Kodak Company, Rochester, N.Y.) were both satisfactory solvents. Diethylbenzene was selected for this study on account of its low cost ($7.54 for 3 kg as opposed to $1200.00 for a similar quantity of butylbenzene).
Method
A 2-g portion of the polymer was placed in a 15 ml centrifuge tube fitted with a ground glass stopper, and 10 ml of diethylbenzene was added. The flask was stoppered and placed in an Eberbach horizontal shaker. The mixture was agitated until all polymer had dissolved or, as was necessary for the ABS polymer, for precisely 16 hr. All samples dissolved fairly readily (within 1 hr) except for the ABS, sample which merely softened and swelled. The total volume was then measured and a 1-ml sample of the solution was placed in a 15-ml septum vial fitted with a Mininert valve. The septum vial was agitated in a horizontal bed shakerwater bath, which was temperature-controlled at 370C, for 30 min. Then 250 ,Al of head space vapor was injected into a Tracor MT 220 dual hydrogen flame chromatograph. The chromatographic conditions were as follows: column, 6 ft X 0.25 in. Carbowax 400 on Porasil F (120/ 150 mesh); column temperature, 123°C; injection port, 2000C; detector, 2500C; gas flow, air, 110 ml/min; hydrogen, 40 ml/min; carrier gas (N2), 11 ml/min.
Peak areas were obtained with a HewlettPackard 3370B electronic integrator. A calibration curve was constructed from data obtained with solutions containing known weights of styrene monomer in diethylbenzene. The detection limit was about 1 ppm.
Ten different samples from each of ten types of containers, drinking and cutlery utensils, fabricated from food-grade polystyrene were assayed for their styrene monomer content. The results are given in Table 2 . The Styrofoam products, (2), (5), and (6), gave peaks which were eluted prior to styrene and these are probably associated with the blowing agents used in their manufacture. The por was injected onto a Hewlett-Packard 5730A gas-phase chromatograph, and the peak area for styrene monomer was measured. Chromatographic conditions were: column, 6 ft X 0.125 in. diameter, Carbowax 400 on Porasil F (120/ 150 mesh); Oven temperature, 100°C; inlet temperature, 200°C; detector temperature, 250°C; air flow, 211 ml/min; hydrogen, 37 ml/ min; carrier (N2), 25 ml/min.
The limit of detection was about 1 ppb (w/v), as determined from a calibration curve obtained from known styrene concentrations in milk. The styrene content of the PS containers was also determined. The results are given in Table 3 . The values obtained from three previous samples, labeled A, B, and C, are also given. It is evident that the larger sample group gave lower styrene concentrations in the container and yogurt as compared to the three other samples which were analyzed. Leaching Studies Since some of the PS products which we had examined for styrene monomer content were designed to be used for contact with hot foods, individual containers were filled with either hot or cold water, capped with saran wrap, and allowed to stand for 24 hr. The aqueous solution was then analyzed for styrene monomer content. The results, shown in Tables 4 and 5 amount of styrene monomer leached, and the amount leached per unit surface area in contact with liquid. Khamidullin et al. (11) , in a communication published in 1967, actually did a toxicological study with water containing material which had been leached from dye-cast beakers constructed of rigid PS. These beakers contained 0.15% (1500 ppm) of residual styrene monomer and the aqueous extracts, which were obtained by totally immersing the beaker in boiling water which was then allowed to stand for 24 hr, contained 0.2 mg/l (0.2 jug/ml) of the monomer. Fresh extracts were used to refill the animal's drinking cups each day for a period of 11 months. Fifteen test and ten control albino rats were used in this study. Functional disturbances of a number of systems and histological lesions of certain internal organs were observed. Their principal findings in the test animals were: reduced acetyl and butyryl cholinesterase levels; a reduction in organ weights (hearts, liver, kidney, and spleen); the splenic pulp contained considerable amounts of iron and hemosiderin; the liver showed collagen fibers along some of the capillaries and, in the kidneys, a medium degree of hyperemia of the cortext and medulla with destruction of the tubules; the proliferation of connective tissue and slight round cell infiltration. These authors concluded that this form of PS container could not be recommended for use in the food industry.
The analysis of styrene in vegetable oils by the head space technique yielded data with a very much lower sensitivity, the lower detection limit being about 1 ,g/ml even when the shaker bath temperature was elevated to 60°C. The probable reason for this is that the high solubility of styrene coupled with its high boiling point results in a very low partial vapor pressure for styrene in the head space. A similar detection limit was found for styrene in 50% ethanol-water mixtures as a consequence of the chromatographic peak for styrene being swamped by the trailing edge of the ethanol peak. However, ultraviolet absorption spectrophotometry, at 245 nm gave a sensitivity of better than 0.09 jug/ml for styrene in 50% ethanol-water (cells of 1 cm path length in a Beckman DBGT spectrophotometer). The results of some leaching studies, conducted in a similar manner to those with water are given in 
Leach-Laskin
It would be difficult to conceive of a suitable was generated vapor-phase concentration level at which to consed through a duct continuous exposure studies since, ultiat 20°C. The mately, blood levels would be reached (sooner ;urgically pre-or later depending on the exposure concentrae, with an in-tion) at which the animal would become comawas exterior-tose and die. Rowe et al. (13) showed that this ipor exposure eventuality arises after about 10 hr at 2500 in a specially ppm and 1 hr at 5000 ppm for the rat. The ere exposed to reason for the absence of a blood level equiliabout 50, 500, brium for styrene is probably that the oil-water rhe rats were partition coefficient for styrene approaches concentrations infinity (styrene being only partially soluble in 'he results are water but miscible in all proportions with most once apparent organic oils). Thus the typical Ostwald solubil-)n very differ-ity curve which was obtained for VCM (12) ,M prevailed. was not observed for styrene. It is not inconconcentration, ceivable that the animal body behaves as a iosure concen-"sink" for styrene monomer until the lipid por- (12) , in this tion -of the animal body either becomes saturEnvironmental Health Perspectives ated (although death would probably occur prior to this event) or the tissues are equilibrated at the same concentration as the exposure atmosphere. Blood concentration and halflife data for the terminal elimination phase are given in Table 7 .
Intravenous Dosing Styrene was introduced IV by two methods: as styrene in aqueous solution and as the pure substance. The results are presented in Figure  2 . Both the data from the dose of aqueous and pure styrene gave a linear terminal phase with half-lives which agreed well (58.2 and 49.5 min). It was evident that the blood level curves in both cases were at least biexponential with a relatively rapid initial phase. The residual plot shown in Figure 2c , derived after the pure styrene dose, gave a strong indication that a triexponential function probably fits these data.
Intragastric Dosing
Rats which had been deprived of food overnight were dosed by gastric intubation with an aqueous solution of styrene and a solution in vegetable oil. The data obtained following the aqueous dosing (Fig. 3) were very similar to those obtained in IV dosing. In fact, the semilogarithmic plot again indicated a biexponential character with the terminal phase having a half-life of 47.2 min, which approximates that observed after an IV dosing.
For the dose administered in vegetable oil a very different type of curve was observed, as shown in Figure 4 . Relatively high levels of styrene persisted for more than 7 hr after dosing as opposed to 2 hr for the aqueous solution. The slower uptake and persistence of blood levels of styrene after the administration of the dose in vegetable oil probably arises from the persistence of styrene with the oil in the gut, which gives rise to a consequently prolonged absorption phase.
